Pure samples of solid solutions of (Na1-xLix)NbO3 system with high mechanical Q-factor, Qm, > 700, piezoelectric sensitivity, g33, ~ 40 mV·m/N, anisotropy of piezoelectric coefficients, d33/|d31|, > 5, low electrical conductivity, high piezoelectric activity, Kp, ~ 0.2, and a wide range of temperature stability were produced on the basis of conventional ceramic technology. The influence of modification on the electrophysical characteristics of ferro-piezoelectric materials based on (Na1-xLix)NbO3 system is determined. Combinations with the most promising practical use are identified.
INTRODUCTION
Over the past decades lead-containing piezoelectric ceramics based on the well-known Pb(Zr1-xTix)O3 binary system, PZT, has been a basis for the vast majority of industrially manufactured high-tech devices related to direct electromechanical energy conversion. Due to its unique electrotechnical characteristics, it is widely used in various electronic devices. However, within the context of the development of a new legislative framework by the European Union [1] that is aimed at protecting the environment and eliminating toxic elements, such as lead, from the technological cycles of production of the element base of consumer equipment, there is a necessity of developing a new generation of environmentally friendly ferro-piezoelectric ceramic materials, FPECM. Some of the most promising materials to be used as a matrix of such objects are solid solutions (SS) of (Na1-xLix)NbO3 system, which have pronounced ferroelectric (FE) properties, large-scale isomorphism, quite high Curie temperatures [2, 3] , low values of relative dielectric permittivity, ε/ε0, and high speed of sound, E 1 V , which makes them attractive for using in microwave technology. However, existing lead-free FPECMs have parameters that are significantly inferior to those of SS of PZT type, and they are mainly used in high-frequency acoustic electronics. As there is a need to expand the areas of using such materials, it is important to search for materials that do not contain toxic elements, and in the long term for the ones that will completely replace PZT-compounds.
One of the most efficient methods of developing the physical FE properties is the method of introducing small (not more than 1 at.%) additives of monoxides of various elements (modification). The great potential of this method is caused by the high solubility of a great amount of metal monoxides in complex oxides, such as alkali metal niobates, AMN. When introduced into the original objects, a number of modifiers (B2O3, SiO2, V2O5) form low-melting phases, which intensifies the processes of synthesis and sintering. Some additives have a combined influence on the properties of the original systems, both due to the formation of a liquid phase and a cationan exchange with the base (modifying glasses). The modification method allows changing the values of some parameters in a desired direction by a slight variation of their composition while maintaining the combination of specific properties of modified objects [4] .
According to the bibliographic information, the modification of SS based on PZT system is studied in detail. At the same time, currently, there are almost no new possibilities of modifying the system. Multicomponent lead-containing SSs are also studied quite well. The analysis and synthesis of huge experimental material (more than 300 variants of modifying oxides combinations are known only for PZT system) allowed classifying all known modifiers of these systems; it became the basis for establishing common patterns of changes in their physical properties [4] . This information was successfully used in predicting the properties of FPECM and finding the best ways of their development [5] .
The possibilities of modifying SS based on AMN are most thoroughly studied in [2, [6] [7] [8] . Some of the works describe the influence of various modifiers containing the ions of Pb 2+ [9] [10] [11] [12] , Cd 2+ [10] [11] [12] , Mg 2+ [13] [14] [15] [16] , Ca 2+ [13] [14] [15] [16] , Sr 2+ [13] [14] [15] [16] , Ba 2+ [13] [14] [15] , Bi 3+ [9] , La 3+ [9] , Ti 4+ [10] [11] [12] , Ge 4+ [10] [11] [12] on the properties of (Na1-xKx)NbO3 binary system. The impact of some ions (Mg 2+ , Sr 2+ , La 3+ , Sb 3+ ) and modifying glasses on the ceramic and electrophysical properties of SS of (Na1-xLix)NbO3 binary system is analyzed in [2, 17] . It is found out that while higher polarizability of the potassium ion in (Na1-xKx)NbO3 system allows for higher piezoelectric characteristics (piezoelectric moduli (d33, |d31|), electromechanical coupling coefficients of the planar (Kp) and (Kt) thickness oscillation modes), a higher mechanical quality factor (Qm), anisotropy of the piezoelectric coefficients (d33/|d31|), and piezoelectric sensitivity (g33) [18] can be seen in SS based on (Na1-xLix)NbO3 system.
In the course of the study, the authors determined the main regularities governing the changes of the physical properties of SS on the basis of AMN in the case of iso-and heterovalent substitutions of cations. It was revealed that when modifying there are several key factors in the development of both AMN's physical properties and PZT materials [4] : the mobility of domain walls, which is determined by spontaneous deformation and interaction with the resulting vacancies; crystal chemical characteristics of the structure (in the case of AMN it is the discrepancy between size characteristics of alkaline cations and parameters of structure-forming octahedrons, block structure). It is proved that unequal degree of ferroelectric stiffness, FES, of modified SS based on AMN is caused by unevenly created vacancies: at low concentrations of modifiers their number is decisive (SS with a lot of vacancies has more ferroelectric flexibility, FEF, and large values of piezoelectric coefficients); at elevated onesthe structural position is determinative (SS with vacancies in the more covalent B-sublattice becomes more FEF). The basic principles of designing SSs with a greater or lesser degree of FES, determining the level of piezoelectric and elastic characteristics of objects were defined. However, the development of materials combining high Qm values that are characteristic of FES ceramics and high piezoelectric coefficients, including piezoelectric sensitivity, that are characteristic of FEF ceramics was not successful; these properties are necessary for high-frequency devices operating in power modes (ultrasonic devices). A special task is creation of FPECM with a high ratio of piezoelectric coefficients (piezoanisotropy); the solution of this task will allow increasing the efficiency of non-destructive testing during the structural materials fault detection significantly by strengthening the signal/noise ratio. The need to reduce energy losses during polarization and operation of lead-free FPECM and to increase the power density of piezoelectric transducers by creating higher electric fields makes it important to reduce electrical conductivity, high values of which are characteristic of AMN due to their crystal chemical properties (low charge and small ionic radii of alkali cations; their mismatch with the positions in the perovskite structure that causes the hydrolysis of the initial substances in synthesis process and, consequently, increased volatility of alkali metals, stoichiometry disturbances, compositions inhomogeneity).
All the above mentioned information conditions the purpose of this workto establish patterns of developing high values of mechanical Q-factor, piezo sensitivity, anisotropy of piezoelectric coefficients and low electrical conductivity while maintaining sufficient piezoelectric activity in modified materials based on (Na1-xLix)NbO3 system.
II. METHODS AND MATERIALS
The objects of the research are SSs based on (Na1-xLix)NbO3 system (composition -Na0.86625Li0.12375Sr0.01Nb0.988Al0.01O3 (Base)). Modification was performed over-stoichiometrically with a concentration step of 0.5 mas %. The simple oxide MnO2 was used as an additive. Solid phase synthesis was carried out in two stages:
Тsynth.1,2 = (850 -870) ºС (depending on the composition), during τ1 = τ2 = 6 hours, sinteringaccording to the common ceramic technology at a variable temperature, Tsint that is equal to (1180, 1200) ºС during 1 hour. The samples had different geometry to determine the effect of the habit on the electrophysical characteristics.
A. Methods of Studying Samples
The phase composition and synthesis completeness were checked radiographically by a DRON-3 diffractometer using filtered CoKα radiation (Bragg-Brentano focusing). The determination of the experimental density, ρexp, of the samples was carried out by the method of hydrostatic weighing in octane. The microstructure was researched in secondary and reflected secondary electrons with the use of a raster electron microscope-microanalyzer (REM) Camebax-micro.
The electrophysical parameters of SS were measured in accordance with Industrial Standard 11 0444-87. Relative dielectric permittivity of polarized, ε33 т /ε0, and non-polarized, ε/ε0, samples, tangent of the angles of dielectric losses of polarized samples, tgσпп, piezoelectric moduli, |d31|, d33, coefficient of the electromechanical coupling of planar mode of oscillations, KP, mechanical Q-factor, Qm, sound speed, 
III. RESULTS

A. Experimental Results, Discussion
X-ray diffraction analysis allowed determining the practical purity (<5%) of all the samples obtained.
It was revealed that all the obtained ceramics are characterized by fairly high density values (ρrel > 90%), which contributes to the development of the maximum possible electrophysical parameters for this technology. It is clear that in the case of ceramics based on ((Na1-xLix)NbO3 the use of MnO2 modifier leads to an increase of Qm (by 24% at 1.0 mas % of MnO2) and of d33 while reducing зз т /о, which leads to an increase of g33 (by 25% at 1.0 mas % of MnO2) and piezoelectric anisotropy d33/|d31| (by 46% at 1.0 mas % of MnO2). The observed results can be explained given the following. When developing the electrophysical properties of ceramic materials based on AMN, processes associated with increased volatility, hydroscopicity and high reactivity of easily sublimating AM compounds are very important; it leads to an increase of the electrical conductivity of sintered FPECMs and, as a result, to the significant contribution of the latter to зз T /о. This information is indirectly confirmed by the discrepancy in the dependencies of the electrophysical characteristics on the composition of samples obtained for different Tsint and topology, it is clearly seen for зз т /о, tgδ and Qm. Besides, the electrophysical parameters of FPECM depend on the compactness of the polycrystalline bodies microstructure (primarily characterized by experimental density), which determines, to a large extent, both dielectric and piezoelectric (piezomodulus -d33) (by reducing electromechanical losses (Qm increase) properties of objects. Thus, two different mechanisms of increasing g33 can be distinguished: by decreasing the electrical conductivity, that is, by decreasing ε33 Т /ε0; by increasing the experimental density and, as a result, by increasing dij. It seems that the modifiers are responsible for both of these mechanisms. The geometric conditions of the existence of a perovskite-type structure [19] and the proximity of the radii of interchangeable ions allow for the incorporation of Mn 4+ cations into the B-positions of the ABO3 crystal lattice (Table I) .
According to the electrical neutrality rule, in the case of heterovalent substitution either anion-excess or anion-deficient SSs are formed by the following schemes: (Na1-xLix)(Nb1-yM 4+ y)O3-y/2 y/2 (anion-deficient SS, M -Mn; -vacancy). If AM ions are replaced by more highly charged Cu 2+ and Ni 2+ cations, anion-excess SSs are likely to form; the excess of oxygen can be located either in interstices or in positions displaced from interstices. In the latter case, a defective subsystem is formed that includes Willis clusters of different types with varying combinations of vacancies and types of interstices [20] . This causes the appearance of strong local ordering effects (short-range order). It should be noted that an excess of anions accumulates mainly on definite crystallographic planes (in AMN these clusters can be localized on the planes of crystallographic shift). O 2ions located in interstices can initiate additional distortion of atomic groups, creating their own dipole moment. Taking into account the tendency of niobate ceramics to selforganization of defective structures [21] by their ordering and forming microdomains, one can assume that the latter influence the total dipole moment of the system, the degree of FES, and, therefore, the value of coercive force, dielectric permittivity, piezoelectric sensitivity and mechanical Q-factor. The experiments showed that the studied SSs modified by CuO and NiO had increased degrees of FES.
Manganese which has high charge and small size (Table I) can compete with niobium for the location in the B-position of the perovskite structure.
Thus, when adding MnO2, the formation of anion-deficient structures can be assumed; it is accompanied by new vacancies in the oxygen sublattice and asymmetry of the anionic environment of B-cation, which increases the dipole moment and, as a consequence, causes an increase of ceramics FES, Qm and g33, as well as a decrease of ε33 Т /ε0.
As an additional source of vacancies, one can also note charge instability of the valence states of manganese. So, its reduction to Mn 3+ is possible. In this case, the equivalent network will be as follows: (Na1-xLix)(Nb1-yM 3+ y)O3-y y (aniondeficient SS, M -Mn;vacancy). A decrease of the degree of Mn oxidation to 3+ leads to the Jahn-Teller effect, which also promotes the increased FES of modified materials [24] .
Due to the low melting temperatures of such oxides as Mn 4+ (540ºC) and Mn 3+ (1 080ºC) which become even lower in complex multicomponent compositions, during the burning process of both the initial reaction mixtures and the synthesized powders the liquid phases of eutectic origin can develop in the researched SS. They were detected with the use of microstructural analysis [25] (amorphous layers framing the grain boundaries). Such phases "cement" the grains and prevent the variations of their boundaries, besides, due to the textures creation they contribute to the development of anisotropy of the piezoelectric coefficients. In addition, crystallization of finegrained structures with a reduced number of domains results in the decreased mobility of the latter at the expense of the large field of space charge. The field's functioning that shields the FE polarization leads to an increased resistance to external influences. This, in turn, reduces the degree of domain reorientations during the process of ceramics polarization and contributes to the stabilization of the structure and properties of SS. Thus, it is associated with increased FES of solid solutions (an increase of Qm and g33, as well as a decrease of ε33 т /ε0) and increased piezoelectric anisotropy conditioned by the formation of inelastic intercrystalline layers.
Besides, the created oxygen vacancies also contribute to the improvement of sintering behaviour of ceramics, increased density of polycrystalline sinters, and increased piezoelectric modulus d33 conditioned by decreased electromechanical losses.
The analysis of Figures 1-3 also shows that although the general shape of the curves reflecting the change of Тsint remains the same, the mode of sintering has a significant impact on the values of the electrophysical parameters of several compositions. At the same time, in most cases higher Тsint allows for higher piezoelectric characteristics. It may be caused by greater equilibrium and uniformity of compositions at higher Тsint, increased grain size, formation of bimodal structures and, as a result, amplification of piezoelectric response. In most cases increased diameters of samples lead to an increase of tgδ and ε/ε0 and to a decrease of piezoelectric activity. The observed facts are explained as follows. The phenomenon of sublimation of volatile compounds of AM is characteristic of niobate ceramics, it causes a disturbance of stoichiometry and complication of the defective situation in objects. Given that sublimation is a heterogeneous process, and its speed is directly related to the phase interface, it is obvious that the largest number of defects will accumulate on the upper and side surfaces of the workpiece. Moreover, the larger is the sample volume, the greater is the degree of imperfection that is characteristic of the subsurface layer. Thus, if the samples have larger diameters, an increased total electrical conductivity is probably conditioned by the formation of a more defective and wider subsurface layer which has high through conductivity. On the basis of the above mentioned analysis it can be concluded that when manufacturing (particularly, mechanical processing) of piezoelectric elements based on niobate ceramics, it is necessary to take into account the influence of samples morphology on the depth and imperfection degree of the subsurface layer. Figure 4 shows the dependencies of some electrophysical characteristics of the studied compositions on temperature. All the researched objects approaching the phase transition from ferroelectric to paraelectric state experience the expected increase of ε33 Т /ε0 with a simultaneous decrease of the piezoelectric activity. The dependencies |d31|(Т) reach the maximum long before the maximum of ε33 Т /ε0(Т) in all studied samples. The presented relations clearly show that unmodified samples have the maximum values of piezoelectric modulus and piezoelectric sensitivity; the maximum values of the electromechanical coupling coefficient are achieved at x = 0.5 mas %. It should be noted that this composition is characterized by the best temperature stability of the main electromechanical parameters in a wide range of temperatures (20 ... 220°C).
Thermal frequency dependencies of the dielectric permittivity (ε'/ε0) of SS based on (Na,Li)NbO3 binary system and modified by MnO2 are shown in Figure 5 . The analysis of dielectric spectra of the objects allowed determining the modifier and concentration intervals of their application which reduce the electrical conductivity and increase the stability of electrophysical characteristics [26] (it was determined that the high-temperature anomalies of the dielectric properties are conditioned by the partial reduction of niobium).
It is obvious that as the concentration of MnO2 increases the ТC firstly decreases sharply from 340°C to 310°C (at x = 1 mas %), then it begins to increase and reaches the value of 360°C at x = 1.5 mas %. The shift of ТC to the left (towards lower temperatures) decreases with increasing f and at x = 1.5 mas % the state of ТC no longer depends on f. A non-monotonous change of ТC with a minimal value in the area of the modifier's low concentrations was repeatedly mentioned, for example, in [2] and was associated with the crystal chemical disorder in SS caused by difficult uniform dissolution (as well as difficult introduction into the crystal lattice of "a base") of modifying additives especially if they are added over-stoichiometrically.
When studying the thermal frequency "behavior" of SS (Na,Li)NbO3 in [27] , it was revealed that the observed "anomalous relaxation" of ТC (with a shift towards the lowtemperature area) manifests itself more often in AMN and is conditioned by the increased low-frequency conductivity of objects at high temperatures due to the sublimation of volatile small A-cations initiated by the ferro-paraelectric transition.
IV. CONCLUSION
Fairly pure, high-density (ρrel > 90%) SS based on (Na1-xLix)NbO3 system modified by simple (MnO2) were obtained.
The promising basis for obtaining materials with high Qm, g33, anisotropy of piezoelectric coefficients and low electrical conductivity while maintaining sufficient piezoelectric activity, Kp ~ 0.2, is SS of the system (Na1-xLix)NbO3.
The composition with x = 0.5 mas % is characterized by the best temperature stability of the main electromechanical parameters (d31, g31, Kp) in a wide range of temperatures (20 ... 220°С). The experimental data allowed choosing the bases for the creation of high-performance ferroelectric piezoceramic materials with 1.0 mas % of MnO2 that have high g33 ~ 40 mV·m/N and d33/|d31| > 5.0 for using them in non-destructive testing devices.
When manufacturing niobate ceramics, the development of electrophysical characteristics is significantly influenced by effects caused by the workpiece scaling and by the more defective subsurface layer resulting from the sublimation of the AM compounds; the characteristics of this layer (depth, defect rate, conductivity, etc.) depend on the topology of ceramic sinters. The findings obtained during the research should be taken into account when developing a new generation of lead-free FPECM for a number of areas of the national economy (precision accelerometry in aerospace safety systems and non-destructive testing of structural materials in metallurgy and construction, ultrasound logging of oil wells).
